The temperature and frequency dependences of the conductivity are derived from optical reflection and transmission measurements of electron doped BaFe 2 As 2 crystals and films. The data is consistent with gap nodes or possibly a very small gap in the crossover region between these two possibilities. This can arise when one of the several pockets known to exist in these systems has extended s-wave gap symmetry with an anisotropic piece canceling or nearly so the isotropic part in some momentum direction. Alternatively, a node can be lifted by impurity scattering which reduces anisotropy. We find that the smaller gap on the hole pocket at the Γ point in the Brillouin zone is isotropic s-wave while the electron pocket at the M point has a larger gap which is anisotropic and falls in the crossover region.
It took almost ten years from the discovery of high-temperature superconductivity in cuprates to the confirmation of d-wave symmetry of the order parameter and its general acceptance. While only phase sensitive tunneling experiments could prove the change in sign of the wave function [1] , previous experiments on the electrodynamic properties provided compelling evidence for nodes in the gap [2] . When the new iron-based superconductors were discovered in 2008 [3] , the momentum dependence of the gap function ∆(k) was raised as one of the most important questions of fundamental relevance [4, 5] . The magnitude of the gap and the quantum mechanical phase of the electron pairs in k space provides information needed to identify the pairing mechanism. Compared to cuprates, the situation here is more complicated since five bands are close to this Fermi level from which two are most relevant for the physical behavior [6, 7] .
Various experimental methods have been applied to elucidate the gap structure of iron pnictides (for recent reviews, see Refs. [5, 8, 9] ); however, the results are often contradictory even within the doped BaFe 2 As 2 compounds of the 122 family: Specific heat [10, 11] , heat transport measurements [12, 13] , the temperature dependence of the penetration depth [14] [15] [16] , tunneling spectroscopy (STM) [17, 18] , spin-lattice relaxation [19] [20] [21] , muon spin rotation (µSR) [22] [23] [24] and electronic Raman scattering [25] are discussed controversially, since the results might depend on the sample quality, doping regime or particular system. Angle-resolved photoemission spectroscopy (ARPES) consistently detects nodeless, isotropic superconducting gaps on all sheets of the Fermi surface [26, 27] There is also a second pocket centered at Γ with a smaller radius and a gap of 12 meV but often this is not included in the simplest two pocket model as we will employ here. This is taken as evidence for an s-wave pairing state [5, 7] but remains silent as to whether or not the state is of s ± -type, i.e., the symmetry of the order parameter reverses sign for electron and hole pockets on the Fermi surface. On the other hand new phase sensitive scanning tunneling microscopy (STM) data [28] have provided strong evidence for s ± symmetry which we will assume to be the case in this paper.
Optical experiments might contribute to clarify these issues for the superconducting con-densate and electronic excitations can be probed with very high resolution over a wide energy range. Hence, microwave, THz and infrared methods have been the primary tool to investigate the energy gap of conventional superconductors [29, 30] , and have been applied to iron pnictides, in particular to 122 compounds by single crystal reflection [31] [32] [33] [34] [35] [36] [37] and films transmission [38] [39] [40] [30] in order to obtain the frequency dependent optical scattering rate τ −1 (ω) related to the total optical conductivity
with ω p the plasma frequency.
In Fig However, looking at the corresponding conductivity plotted in panel (b), it becomes obvious that σ 1 (ω, T )/σ 1 (ω, T = 30 K) does not drop to zero at the gap as rapidly as expected for a simple s-wave superconductor [29, 30] , but decreases in an almost linear fashion before it increases again at very low energies. This is the hallmark of nodes in the gap for which excitations are possible at infinitely small energies. The corresponding optical scattering rate is plotted Fig. 1 
(c).
In order to simultaneously describe these optical properties we decompose the conductivity in two contributionsσ =σ (1) +σ (2) , corresponding to a hole band [ω (1) p /(2πc) ≈ 0.58 eV] and an electron band [ω (2) p /(2πc) ≈ 1 eV]. In order to keep the number of fit parameters minimal we have chosen a single scattering rate for both terms [42] . The superconducting state is mimicked by a two-gap BCS model with an isotropic s-wave gap 2∆
(1) 0 = 5 meV on the hole pocket, while the gap on the electron pocket was modeled with an extended s-wave gap which when referred to the M point as origin takes on the form
(∆ s is the s-wave component, ∆ d is the amplitude of the d-wave component, and θ is the polar angle on the Fermi surface). Here ∆ s = α∆
0 , where ∆ age of s-wave component is expressed by x = α/(α + √ 1 − α 2 ) [43] . We refer to this model as extended s ± .
As seen from Fig. 1 , the fit to the experimental data and derived quantities is remarkably good; even small details and particular features are described well, such as the increase in R(ω, T )/R(ω, 30 K) as the temperature is lowered, the shift of the peak to higher frequencies, To better understand our results it is important to consider very low temperatures considerably below the lowest experimental temperature given in Fig. 1 . In Fig. 2 we show results for an extended s-wave gap with the same parameters as we have used in our experimental fit [42] with the reduced temperature set at t = T /T c = 0.05, i.e. T = 1.25 K. Fig. 2(a) shows σ 1 (ω) in meV vs ω also in meV. The various curves are for six different values of the variable x which multiplied by hundred gives the percentage of the s-wave component in an s + d-wave admixture as labeled. The case x = 0.37 corresponds to the anisotropy we used in our fit to experiment. We see that this corresponds to a very small but finite spectral gap in the real part of the optical conductivity. This gap is so small, however, that it falls near the end of the available THz range and is not present at 10 K where we have a gapless behavior. In Fig. 2(b) we show the same results but normalized to the real part of the optical conductivity σ 1 (ω, T = 30 K) at T = 30 K in the normal state while in Fig. 2(c) we show 
It is clear from these results that it would be very difficult even at low temperatures to differentiate between nodes and the case of a small spectral gap. All we can firmly conclude from our present analysis is that the material studied falls close to the crossover region between these two possibilities.
In order to proof the general applicability of our description, we have analyzed the optical imp = 50 meV. Again, the agreement between experiment and theory is very good, considering that the lower energy scale approaches the limit of the frequency range accessible by experiment.
In conclusion, we have analyzed the temperature and frequency dependences of the optical properties of electron doped BaFe 2 As 2 in the superconducting state. From the low-frequency reflectivity and conductivity ratios R s /R n and σ s /σ n below and above T c , we conclude the symmetry of the order parameter can be described by an extended s [44] The energy gaps for the Ba(Fe 0.9 Co 0.1 ) 2 As 2 film (T c ≈ 25 K) are 2∆
(1) 0 = 6 meV and 2∆ [45] R. Modre, I. Schürrer, and E. Schachinger, Phys. Rev. B 57, 5496 (1998).
